Geometry optimizations, rearrangement mechanisms, spectral intensities, and tunneling splittings are reported for the water pentamer. Two low energy degenerate rearrangements are identified for the chiral cyclic global minimum which are analogous to processes that lead to observable tunneling splittings in the water trimer. Fourteen different pathways are characterized by ab initio calculations employing basis sets up to double-zeta plus polarization ͑DZP͒ quality with subsequent reoptimization of the associated minima using the Becke exchange and the Lee-Yang-Parr correlation functionals ͑BLYP͒ with the same basis. All the pathways have been recomputed for a number of different empirical potentials, some of which reproduce the two lowest energy degenerate rearrangements quite well. However, none of the empirical potentials support all the higher energy ab initio minima. Qualitative estimates of the two tunneling splittings associated with the lowest energy pathways suggest that at least one might be observable experimentally; the associated splitting patterns and nuclear spin weights are also reported. The corresponding stationary points were finally reoptimized using DZP basis sets plus diffuse functions with the BLYP exchange-correlation functional.
I. INTRODUCTION
The advent of far-infrared vibration-rotation tunneling ͑FIR-VRT͒ spectroscopy [1] [2] [3] has led to considerable experimental and theoretical activity aimed at understanding the structure and dynamics of small water clusters. Experiments focusing upon the water trimer [4] [5] [6] [7] support the theoretical consensus for a cyclic global minimum with each monomer acting as both a single hydrogen bond donor and a single acceptor. Furthermore, the experiments confirm that the torsional or ''flipping'' motions of the free ͑nonhydrogen-bonded͒ hydrogen atoms are facile, leading to large tunneling splittings of the order of 10 cm Ϫ1 for ͑H 2 O͒ 3 and averaging of the asymmetric equilibrium geometry to an exact symmetric top. The spectra also reveal quartet splittings with spacings at least four orders of magnitude smaller than those associated with the flipping motion. These observations provide new opportunities for experiment and theory to interact because the precise splitting patterns can be predicted once the appropriate rearrangement mechanisms have been characterized. The resulting interplay is advancing our understanding of intermolecular forces, 3, 8 particularly hydrogen bond network rearrangement dynamics, 9 including inversion of spectra 10 and the testing and development of model intermolecular potentials. The ability of a model potential, or indeed an ab initio calculation at some given level of theory, to reproduce the stationary points present on the true potential energy surface ͑PES͒ is actually a rather severe test. 11 The aim of the present work is to provide theoretical insight into the results of new FIR-VRT experiments for the water pentamer. 12 Since there are several analogies to previous studies of the water trimer we will first provide a brief overview of the latter work.
Pugliano and Saykally 4 suggested three possible rearrangement mechanisms to account for the splittings they found in the trimer. The first of these, the single flip of a free hydrogen, was probably first characterized by Owicki et al. 13 using a simple empirical potential. This mechanism was subsequently confirmed in a study of the water trimer which compared rearrangement pathways calculated ab initio and with empirical potentials. 14 The present paper presents similar results for the water pentamer. Two other relatively low energy rearrangements were found for the trimer, one of which resembles the ''C 2 rotation'' mechanism postulated by Pugliano and Saykally, but is actually more like the ''donor tunneling'' rearrangement of water dimer. 5, 15 We prefer the alternative name ''bifurcation tunneling'' for this mechanism, since the transition state invariably involves a ''bifurcation,'' i.e., one molecule is a double donor to another which acts as a double acceptor. A systematic study of this second low energy rearrangement has shown that the number of flips accompanying the bifurcating water molecule depends sensitively upon the basis set and correlation corrections employed. 16 However, regardless of the number of accompanying flips, the bifurcation tunneling mechanism is predicted to produce finely spaced quartet features in the trimer spectrum. 16 Both the single flip and bifurcation mechanisms were found to have precise analogs in the water pentamer in the present study. We have also characterized a number of higher energy processes which are likely to be representative of the kind of rearrangements that occur in larger water clusters at higher temperatures. However, we did not locate an analog of the third relatively low energy rearrangement found for ͑H 2 O͒ 3 , which can be described as 14 ''C 2 plus double flip.'' Since the latter mechanism does not appear to produce observable tunneling splittings in the trimer it seems unlikely that it would do so in the pentamer.
Fowler and Schaefer 17 have also considered the transition states for the single flip and bifurcation tunneling mechanisms in ͑H 2 O͒ 3 using larger basis sets. Most other calculations have focused on more accurate studies of the flipping dynamics in the trimer, while Xantheas and Sutcliffe have derived a full Hamiltonian for the nuclear dynamics. 18 Sophisticated ab initio calculations have been performed to produce energies over a grid of points in the restricted space of torsional angles. [19] [20] [21] [22] [23] Accurate quantum mechanical vibrational wave functions have been calculated subject to these geometry constraints; the results all confirm a simple symmetry analysis 14 and provide new information on excited states. An interesting question raised by such studies is the extent to which large basis sets and corrections for basis set superposition error ͑BSSE͒ and electron correlation are worthwhile for calculations of nuclear dynamics in a restricted configuration space.
In the present work we first report the results of geometry optimizations and calculations of rearrangement pathways at the DZP/Hartree-Fock ͑DZP/HF͒ level. All the resulting minima were then reoptimized with the same basis set using the BLYP exchange-correlation functional, as described in Sec. III. Finally, the most important stationary points were reoptimized using a basis set including diffuse functions, again with the BLYP functional. We also report counterpoise-corrected 24 interaction energies for the latter stationary points. The use of larger basis sets and corrections for the correlation energy produces quantitative changes in energies, barrier heights, and geometries, but has little effect upon our prediction of the lowest energy rearrangement mechanisms and the associated splitting patterns. Changes in the barrier heights, can, however, significantly affect the magnitude of the tunneling splittings, making the latter quantities difficult to estimate.
Diffusion Monte Carlo ͑DMC͒ techniques provide an alternative approach to the calculation of the tunneling splittings. 25 This method is not restricted to the torsional space, and results can be obtained for the bifurcation tunneling mechanism. However, because of practical limitations DMC has only been applied to water clusters described as rigid molecules requiring an empirical potential that reproduces the appropriate minima and rearrangement mechanisms. The transition states for the latter processes must be known in order to simulate nodes in the tunneling wave function. 25 An important aspect of the present work is the performance of empirical potentials in reproducing such features. We also report harmonic vibrational frequencies and infrared spectral intensities for the cyclic global minimum of the pentamer, which can be compared with previous treatments [26] [27] [28] to gauge the likely accuracy of the present results.
II. GEOMETRY OPTIMIZATIONS
All the geometry optimizations and rearrangement pathways were calculated in Cartesian coordinates using an eigenvector-following approach. 29 Most of the details of the particular implementation have been given before. 30 Analytic first and second derivatives of the energy were employed at every step and pathways were calculated using eigenvectorfollowing energy minimization in Cartesian space. 30 A comparison of reaction paths calculated in various different ways suggests that this approach should give a reliable account of the mechanism, i.e., provide a faithful picture of the PES for the given level of theory. Calculations for all the rigid body empirical potentials were performed using our ORIENT3 program 31 which contains the same optimization package adapted for center-of-mass/orientational coordinates.
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ORIENT3 can analyze intermolecular potentials based upon Stone's distributed multipoles 33 and distributed polarizabilities; 34 simplistic models based upon point charges and Lennard-Jones interactions are also accommodated within this framework.
One change in the eigenvector-following implementation was required in the present work to converge ab initio calculations with the larger basis sets properly. Problems arise when the range of the Hessian eigenvalues is especially wide and steps along modes with very large and very small force constants can interfere with one another. Scaling the overall step according to a maximum step size or trust radius then proved ineffective. However, an alternative approach which employs a separate trust radius for each eigendirection, as defined below, was found to work well. The step along eigenmode i, h i , before scaling was the same as in previous work 30 :
where F i is the component of the gradient along Hessian eigenvector i and b i is the corresponding Hessian eigenvalue. The plus sign is used to walk uphill in search of a saddle point, while the minus sign results in minimization. In the present work one direction was followed uphill in transition state searches and all directions were followed downhill to find minima. Here we define a transition state as a structure with a single negative Hessian eigenvalue, following Murrell and Laidler's definition. 35 Geometry optimizations were deemed to be converged when the rms gradient fell below 10 Ϫ6 atomic units. 36 Since analytic derivatives are calculated at each step we can use the gradients at the present point, n, and the previous point, nϪ1, to estimate the corresponding eigenvalue:
Comparing this with the actual value of b i (n) gives us some idea of how reliable our steps are for this eigendirection. A trust ratio for each direction, r i , was defined by
͑3͒
Separate maximum allowed step sizes for each direction were then updated according to whether r i exceeded a specified trust radius: the maximum allowed value was either multiplied or divided by 1.1 according to this condition and constrained between the limits 0.5 and 0.01 a 0 . A common trust radius of 2 and initial maximum allowed step size of 0.15 a 0 generally proved satisfactory. 36 This scheme has been implemented in our program OPTIM.
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III. AB INITIO MINIMA FOR THE WATER PENTAMER
This study began with searches for minima and transition states using the TIP4P rigid monomer potential. 37 Ab initio geometry optimizations at the Hartree-Fock level were then initiated from the resulting points using first STO-3G basis sets then 6-31G and finally DZP ͑double-zeta 38 40 and the LeeYang-Parr correlation functional 41 ͑referred to collectively as BLYP͒. The CADPAC package 42 was used to calculate all the derivatives. Numerical integration of the BLYP functionals was performed on a grid between the CADPAC ''MEDIUM'' and ''HIGH'' options containing a maximum of 161 680 points after removal of those with densities below the preset tolerances.
Our convergence criteria ensured that the largest ''zero'' frequencies of the stationary points were generally less than 0.5 cm Ϫ1 for the DZP/HF optimizations. Since derivatives of the grid weights were not included in the DFT calculations the ''zero'' frequencies can be as large as 20 cm Ϫ1 for these stationary points for the same convergence limit of 10 Ϫ6 atomic units on the RMS force. We estimate that the errors in the BLYP energies due to the numerical integrations are of order 10 Ϫ5 hartree ͑2 cm
Ϫ1
͒. This is the magnitude of the energy difference between identical minima found from different starting points. Details of the intermediate calculations using the TIP4P potential and the smaller basis sets will be omitted here for brevity. However, a summary of the performance of several empirical potentials is given in Sec. VI.
Eleven different minima were found in the DZP/HF ab initio calculations ͑Fig. 1 and Table I͒. The structures can be divided into several different classes as in previous studies. First there is the cyclic geometry, which most calculations agree is the lowest. Second are structures based upon a square and triangle sharing an edge, which we will refer to as ''sqtr.'' These can be further distinguished according to which edge of the square is bridged and the relative torsional positions of the free hydrogens. Third are structures which can be viewed as trigonal bipyramids ͑''tbp''͒ or edgebridged tetrahedra ͑''ebtet''͒. The division is rather subjective, although the presence of an extra hydrogen bond in ebtet1 and ebtet2 relative to tbp in Fig. 1 should be clear. Finally, we find structures based upon a square with the fifth water molecule in a terminal, single hydrogen bond acceptor, position ͑''sqtm''͒. These lie highest in energy.
Ten of the above structures were reoptimized at the DZP/BLYP level; sqtm1 was excluded since it is not involved in any of our rearrangement pathways and it is also rather high in energy. Two of the minima collapsed when used as starting points for DFT optimization: sqtm2 relaxed to an sqtr minimum in 71 steps while ebtet1 deformed smoothly into the tbp minimum in 34 steps. The other minima relaxed to their DZP/BLYP equilibrium geometries in 10-18 optimization cycles. It is probably significant that many more stationary points were found using empirical potentials, but that a number of these collapsed when they were employed as starting points for ab initio geometry optimizations. Nevertheless there is no doubt that we have found only a small, but hopefully representative, subset of all the minima present on the pentamer PES.
The earliest simulation studies employing empirical potentials do not give any structural details for the pentamer, 44 although Kistenmacher et al. noted the likely importance of low lying isomers. 45 Owicki et al. 13 reported eight different pentamer structures calculated with their EPEN potential. The edge-bridged tetrahedron was the lowest of these, fol- Table I . These graphics were produced using Mathematica 43 with the hydrogen bonds specified by a distance cutoff ͑2.3 Å͒. lowed by various structures based upon the trigonal bipyramid. The cyclic and sqtr structures do not appear to be supported by this potential ͑see Sec. VI͒. Kim et al. 46 compared the latter potential with their MCY form and a new parametrization including three-and four-body terms. They found the cyclic structure to lie lowest, followed by a tbp, an sqtr and finally a branched structure containing a central fourcoordinate water molecule which Owicki et al. 13 christened the ''star.'' The latter morphology was not found ͑nor sought͒ in the present study. Vernon et al. also report the cyclic structure to be the lowest. 47 Plummer and Chen 48 performed simulations using the CF potential of Stillinger and Rahman. 49 Their lowest energy minimum is a tbp, followed by an sqtr, then the cyclic structure, then the star. Schröder 50 employed a reparametrized version of the EPEN potential, QPEN/B2, and reported 11 minima with the cyclic lowest, followed by tbp, sqtr, ebtet, star, and sqtm structures, in good agreement with the MCY potential. A systematic search for the global minimum of the MCY potential for ͑H 2 O͒ 5 by Pillardy et al. 51 also resulted in the cyclic structure. Bosma et al. 52 have simulated infrared and Raman spectra for ͑H 2 O͒ 5 as a function of temperature using the SPC potential. 53 They observed the cyclic structure in snapshots of the dynamics. Tsai and Jordan 54 have characterized around 20 minima and 40 transition states for ͑H 2 O͒ 5 using TIP3P and TIP4P potentials. 37 The cyclic structure was again found to be lowest in energy.
A number of ab initio studies of ͑H 2 O͒ 5 and other small water clusters have also appeared. Some of the general conclusions concerning nonadditive contributions, and the effects of correlation energy and corrections for BSSE 55 are relevant to the present work. Chalasiński et al. concluded that correlation effects do not contribute significantly to nonadditivity in the water trimer, 56 while Van Duijneveldt et al. found that for ͑H 2 O͒ 3 nonadditive effects are very important in determining the geometry and vibrational frequencies. 57 Hermansson 58 decomposed many body contributions to the SCF energy for a fixed tetrahedral water pentamer. Burke et al. 59 characterized the cyclic structure, the tbp and three ebtet minima for the pentamer at the SCF level employing basis sets up to 6-311G** with full geometry optimization. Krishnan et al. have subsequently reported the results of MP2 geometry optimizations with a 6-311G* basis for two of these structures. 60 Their tbp appears to be identical to that located in the present work and their structure ibp-a appears to be equivalent to minimum ebtet1. They found that the tbp rearranged to ibp-a when it was reoptimized with their larger basis sets. It is possible that the starting geometry for the reoptimization, which was found using 3-21G basis sets, was simply too far from the true stationary point. In the present work a number of such structural changes were observed when geometries obtained with smaller basis sets were used as starting points for subsequent optimizations. It is not always clear whether the corresponding structures cease to be stationary points or whether the optimization simply converges elsewhere because the starting point is not good enough.
Two previous investigations of the effect of basis set size for small water clusters concluded that a 4-31G* basis 61 and a 6-31G* basis 62 are capable of producing reasonable geometries. Xantheas 26 has shown that, given a basis set of at least DZP quality which includes some polarization and diffuse functions, DFT calculations at this level show reduced BSSE in comparison to Hartree-Fock/MP2 calculations. There is also evidence 63 which suggests that inclusion of diffuse functions into the basis set can help to reduce the BSSE. 64 In the present work we reoptimized the geometries of the lowest minimum and the two most interesting transition states at the DZPϩdiff/BLYP level. Both these transition states mediate asymmetric degenerate rearrangements 65 of the global minimum, as discussed in Sec. IV. For these three structures we also calculated the counterpoise-corrected 24 interaction energies ͑Table II͒. Full geometry optimizations including counterpoise corrections were deemed too computationally expensive, 66 and unnecessary for the present purposes.
Several previous ab initio studies have considered the cyclic structure in greater detail. Knochenmuss and Leutwyler 67 performed full geometry optimisations at the SCF level with 4-31G and 6-31G* basis sets and considered the shifts in the normal mode frequencies compared to the monomer in some detail. Xantheas and Dunning 28 and Xantheas 26 have performed full geometry optimizations for the cyclic structure with a large aug-cc-pVDZ basis using Hartree-Fock and density functional theory, respectively. Our DZP/HF, DZP/BLYP, and DZPϩdiff/BLYP frequencies and infrared absorption intensities are collected in Table III and compared with previous results. Structural parameters are compared in Table IV . The present results for the cyclic minimum are generally in line with those reported previously and with well-known trends. In particular, some of the modes associated with H-bonded O-H stretching exhibit very large intensities. The reported values could easily be in error by a factor of 2, but are nevertheless likely to be particularly large.
IV. AB INITIO REARRANGEMENT MECHANISMS
Here we consider the ab initio transition states and rearrangement mechanisms calculated at the DZP/HF level. A total of 14 different pathways have been characterized, and the results are summarized in Table V . These mechanisms are the most important results of the present study, and, as far as we are aware, are the first ab initio calculations of transition states and rearrangement pathways for this system. Note that these pathways are for the Born-Oppenheimer surface, and do not include any zero-point effects-the barriers corrected for zero-point energies can be obtained from the authors on request. Three additional parameters are reported in Table V . The first is the integrated path length, S, which was calculated as a sum over eigenvector-following steps as for the trimer. 14 The second is the distance between the two minima in nuclear configuration space, D. The third is the moment ratio of displacement, 68 ␥, which gives a measure of the cooperativity of the rearrangement:
where I  II  III  IV  V  VI  I  II  III  IV  V  VI   18͑5͒  28͑5͒  29͑4͒  22  28  9  663͑76͒  811͑42͒  781͑38͒  829  676  741  43͑0͒  48͑0͒  52͑0͒  53  39  39  762͑66͒  907͑234͒  871͑222͒  918  708  815  55͑0͒  83͑0͒  84͑0͒  72  49  68  789͑408͒  994͑181͒  942͑173͒  952  736  887  63͑2͒  87͑2͒  88͑1͒  82  56  74  808͑397͒  1025͑193͒  967͑178͒  975  825  901  117͑5͒  206͑0͒  190͑0͒  101  92  182  911͑32͒  1145͑11͒  1077͑13͒  1051  1769  1000  163͑5͒  228͑35͒  221͑5͒  185  146  199  1793͑138͒  1624͑145͒  1595͑99͒  1673  1771  1587  167͑5͒  243͑35͒  230͑85͒  192  182  210  1794͑30͒  1635͑13͒  1608͑16͒  1675  1781  1603  193͑164͒  278͑127͒  255͑31͒  207  183  234  1804͑203͒  1655͑85͒  1625͑66͒  1687  1786  1604  204͑145͒  285͑16͒  256͑10͒  224  196  243  1809͑176͒  1674͑57͒  1646͑42͒  1693  1771  1633  206͑13͒  287͑184͒  273͑246͒  264  218  245  1822͑14͒  1694͑8͒  1662͑6͒  1722  1795 The pathways are represented graphically by either three or nine snapshots, depending on the complexity of the mechanism. The two minima and the transition state are always included, and no other structures are shown in the shorter representations. When nine frames are shown the two end points are the two minima and the center structure is the transition state; three other geometries are chosen at suitable points along the two sides of the path to give a better idea of the mechanism. In addition, a suitably scaled transition vector is superimposed on each transition state; this displacement vector is parallel ͑or antiparallel͒ to the Hessian eigenvector corresponding to the unique negative eigenvalue. All of the pathways were calculated by eigenvector-following in nonmass-weighted coordinates; more detailed considerations of differently defined reaction pathways for the trimer are discussed elsewhere. 16 The two low energy degenerate rearrangements of the cyclic global minimum are shown in Fig. 2 . ͑A degenerate rearrangement is one in which the two minima differ only by permutations of atoms of the same element.
69 ͒ This figure also illustrates the bifurcation mechanism with an intrinsic flip, which was found instead for one of the empirical potentials ͑see Sec. VI͒. These mechanisms are analogous to the two lowest energy rearrangements of the trimer; 14,16 after correction for zero point energy using the harmonic normal mode frequencies the barrier for the flip in the pentamer becomes negative and the barrier for the bifurcation process decreases to 577 cm Ϫ1 at the DZP/HF level. The effective molecular symmetry groups and splitting patterns associated with these two processes are considered in the next section. Note that neither of these mechanisms would constitute a degenerate rearrangement in a cyclic water cluster containing an even number of water molecules. 70 For such clusters to exhibit significant tunneling splittings new low energy rearrangement mechanisms would be necessary. The higher energy mechanisms are of interest because they should be representative of the types of process that may occur in larger water clusters at room temperature: 8 out of 14 of the pathways in Table V have barriers less than 200  cm Ϫ1 at the DZP/HF level. Two simple rearrangements are shown in Fig. 3 . The first ͓Fig. 3͑a͔͒ is a low energy single flip mechanism which links the two lowest sqtr-type minima 
ts is the energy of the transition state, and ⌬ 2 and E 2 are the smaller barrier and the energy of the higher minimum, respectively. S is the path length in bohr, D is the displacement between minima in bohr and ␥ is the cooperativity index. All these quantities are defined in Sec. IV. found in this study. The second is a single hydrogen bond breaking process which leads from a relatively high lying sqtr structure to an sqtm minimum ͓Fig. 3͑b͔͒. Two ring opening/closing mechanisms were found linking sqtr2 with the global minimum. The lowest is illustrated in Fig. 4 . In the higher energy process ͑not illustrated 32 ͒ the donor water molecule involved in the edge that breaks moves down rather than up, leading to a much more strained transition state.
A high energy rearrangement links minima sqtr1 and ebtet1 which results in a net change of one hydrogen bond ͑Fig. 5͒. The donor and acceptor roles of two molecules are also exchanged in this process which entails a significant reorientation for both of them. The remaining mechanisms can be classified as either edge-switching, where the water molecule that bridges two vertices of a square changes one of these neighbors, or bridge migration, where a bridging molecule changes both neighbors. The bridge mechanisms, not surprisingly, both have high barriers. They are illustrated in Fig. 6 , where we see that the transition states can be described as diagonal edge-bridged squares. The latter structure has been identified as a minimum in some previous studies employing empirical potentials, but only appears as a transition state in the present ab initio calculations.
One edge-switching process was found linking sqtr2 and sqtr3 ͓Fig. 7͑a͔͒ while the rest link either the tbp or an ebtet with sqtr structures ͓Fig. 7͑b͒-͑e͔͒. The edge-switching mechanism is the most ubiquitous found in the present work, and is likely to be a common feature in larger clusters too.
V. MOLECULAR SYMMETRY GROUPS AND TUNNELING
We now consider the single flip and bifurcation tunneling mechanisms for the cyclic global minimum in terms of the effective molecular symmetry group. The procedure is essentially the same as for the trimer, and since details have been given before 14, 16, 71 the following account will be more concise. Coudert and Hougen 72 have also provided a group theoretical analysis of tunneling in the water dimer; however, here we will continue to follow the terminology of Bone et al. 73 where a structure specifies a particular geometry which is associated with a number of versions that differ only in the arrangement of labeled atoms of the same element.
FIG. 3. ͑a͒
Single flip rearrangement between the sqtr1 and sqtr2 minima. ͑b͒ Hydrogen bond breaking in the relatively high energy sqtr3 minimum to give minimum sqtm2.
FIG. 4.
Hydrogen bond breaking process which leads to cyclic ring formation from minimum sqtr2. This is the lower energy of two such mechanisms found ͑see Table V͒. FIG. 5. High-energy rearrangement linking minimum sqtr1 to minimum ebtet1. Note the exchange of donor and acceptor roles for two molecules between which a hydrogen bond breaks and reforms.
If there exist sufficiently low energy degenerate rearrangements of a given structure then the rovibronic wave functions associated with neighboring potential wells can interfere with one another and produce quantum tunneling. The textbook example is, of course, the inversion of ammonia. 74, 75 Some helpful analogies exist in the construction of molecular orbitals ͑MO's͒ from linear combinations of atomic orbitals ͑LCAO's͒. The MO's must transform according to particular irreducible representations ͑IR's͒ of the prevailing point group. This is true even if the atoms are very far apart and do not interact appreciably. The resulting wavefunctions are then symmetry adapted linear combinations of the atomic orbitals with the same energies as in the infinite limit. However, as the atoms are allowed to approach and interact the resulting MO energies are split from the atomic values and bonding may occur. The full molecular Hamiltonian is invariant to all permutations of identical nuclei and to inversion of all coordinates through the space fixed origin, and the group of all these operations is called the complete nuclear permutation inversion ͑CNPI͒ group. Hence, linear combinations of the wave functions for different versions of the same structure can be formed which transform according to particular IR's of the CNPI group. Normally, of course, the interaction between versions is quite negligible, and this procedure is unnecessary, just as construction of symmetry adapted LCAO's is unnecessary for a set of isolated atoms. However, if there exists a sufficiently low energy rearrangement mechanism then tunneling splittings may occur, in the same way that the 1s orbitals of two hydrogen atoms can produce bonding and antibonding orbitals when they interact. ͑Of course the shape of the barrier and the associated effective mass are also critical in tunneling between versions; the analogy with LCAO theory should not be stretched too far.͒ Fortunately it is not always necessary to consider the full CNPI group, which grows in size factorially with the number of equivalent nuclei. Longuet-Higgins 76 introduced the concept of ''feasibility'' to develop the effective molecular symmetry ͑MS͒ group which has since proved so useful. 77 A feasible mechanism is defined as one that produces an observable tunneling splitting at the appropriate experimental resolution. The MS group is then formed from the permutation-inversions corresponding to the feasible rearrangements and those which form a group isomorphic to the rigid molecule point group. The resulting MS group is a subgroup of the CNPI group. As in previous work the MS groups, adjacency matrices and splitting patterns in this study were constructed using a simple computer program which takes as input a minimal number of generator permutation-inversions 14, 71 -the theory involved is essentially that summarized by Hässelbarth and Ruch. 16, 78 For ͑H 2 O͒ 5 the number of different versions is 2ϫ5! ϫ10!ϭ870 912 000 and this is also the dimension of the CNPI group. However, if we include only versions in which the same hydrogen atoms are always bound by covalent bonds to the same oxygen atoms then we define 113 400 subgroups of the CNPI group of dimension 2ϫ5!ϫ͑2!͒ 5 ϭ7680 each. The set of all feasible rearrangement mechanisms of ͑H 2 O͒ 5 that do not break covalent bonds must therefore define an MS group which is a subgroup of the group of order 7680. Once the appropriate generators are known the precise splitting pattern for any rovibronic energy level is determined by symmetry. However, the magnitude of the splittings depends upon tunneling matrix elements which are generally very hard to estimate for a multidimensional system. In the present work we will employ crude estimates of these parameters which can be obtained very rapidly in a perturbation framework as described before. 71 In particular, the effective mass is estimated using an intuitive massweighted ratio of moments of displacement between the two minima 71 -the corresponding parameter is denoted ␥ m . Comparison with more accurate estimates 25 for the trimer shows that the splittings resulting from the above procedure were correct to within a couple of orders of magnitude, which should be sufficient to classify the effect of a given mechanism as ''small,'' ''medium,'' or ''large.'' We now consider the low energy degenerate rearrangements of the cyclic pentamer as illustrated in Fig. 2 . Suitable generators for the three processes are: ͑AEDCB͒ ͑19753͒͑2 10 864͒* for the single flip, ͑ABCDE͒ ͑135792468 10͒* for the ab initio bifurcation tunneling process, and ͑ADBEC͒͑173 10 628495͒ for the bifurcation plus single flip found for an empirical potential ͑see Sec. VI͒. In this cycle notation the first generator implies that oxygen A is replaced by oxygen E, E by D and so forth. Note that all of the corresponding stationary points have point group C 1 and hence each mechanism can be described as an asymmetric degenerate rearrangement 65 where the two sides of the pathway are not equivalent even though they lead to the same structure. The * denotes the operation E* corresponding to inversion of all coordinates through the space fixed origin. Hence only the first two generators can link enantiomers.
Each of these mechanisms on its own results in an MS group of order 10 that is isomorphic to C 5h , where each version is connected to two others. Ten versions and ten transition states are associated with each of these domains. The tunneling splitting pattern is also the same in each case:
where ␤ is the appropriate tunneling matrix element, ϭ(ͱ5ϩ1)/2 is the golden ratio and Ϫ1 ϭ(ͱ5Ϫ1)/2 is its reciprocal. In each case the symmetry species in parentheses are appropriate if the given generator corresponds to the operation S 5 of C 5h . This splitting pattern is analogous to the simplest Hückel treatment of ten-annulene ͑cyclodecapen-taene͒, since the parametrized secular determinants are identical. In the trimer the corresponding analogy is with the system of benzene, and Bürgi et al. have pursued this analysis further in a recent contribution. 22 As well as ␤, the perturbation treatment gives quantities analogous to the usual Hückel parameters ␣ and the overlap integral, and if these are included in the secular problem the resulting splitting patterns can be more complicated. However, the two sets of levels are related quite accurately by a linear rescaling transformation for the present cases, and since our estimates of ␤ are relatively crude we shall consider only the simplest pattern with ␣ϭ0 and zero overlap for ease of presentation.
When the single flip mechanism and either of the bifurcation tunneling processes are feasible the resulting MS group has order 320. The character table of this group, G(320), is given in Table VI and a representative operation from each of the classes is given in Table VII . Although combining either of the bifurcation mechanisms with the single flip leads to G(320) the splitting patterns are not the same. The two possibilities are given in Table VIII. Note that accidental degeneracies occur in both cases, which is typical of Hückel calculations, 79 and that each version is now adjacent ͑linked by a single rearrangement͒ to four others. Every energy level has a partner with energy Ϫ, implying that there are no odd-membered rings in the reaction graph. 14, 80 The splittings within each manifold with a constant coefficient of ␤ f ͑the tunneling matrix element for the flip͒ also obey an approximate pairing rule. For the bifurcation mechanism, without an implicit flip, the partner energy levels at Ϯ transform according to IR's that are related by the inversion E*. The relation for the bifurcation mechanism with an intrinsic flip ͑column B in Table VIII͒ is only slightly more complicated.
If we denote the parity of a given IR under E* by Ϯ then the selection rule for electric dipole transitions is ϩ ↔ Ϫ. Hence if we consider the levels produced by the single flip or the bifurcation mechanism alone then six transitions are allowed within the manifold, giving an irregularly spaced sextet. We emphasize that these transitions correspond to a hypothetical experiment where no other quantum numbers change. For the bifurcation mechanism with an intrinsic flip all the levels have ϩ parity, so no transitions are allowed within this set. The allowed transitions within a single manifold are much more complicated when the single flip and either bifurcation mechanism are considered together. In both cases we find groups of lines with the same coefficient of ␤ f split into 8, 22, 24, and 44 components. Of course, transitions observed experimentally will probably involve changes in rovibronic quantum numbers as well. The nuclear spin weights for both ͑H 2 O͒ 5 and ͑D 2 O͒ 5 have been calculated using the molecular symmetry groups corresponding to the flipping and flipping plus bifurcation mechanisms, namely C 5h (M ) and G(320), and are shown in Tables IX  and X. Inspection of Tables VIII-X shows that zero spin weights only occur in sets of accidentally degenerate levels, and so missing lines are not expected in this approximation.
The estimated effective masses for the ab initio DZP/HF single flip and bifurcation pathways are 4.2͓6.2͔ and 3.0͓5.3͔ a.m.u. for ͑H 2 O͒ 5 ͓͑D 2 O͒ 5 ͔ which give tunneling matrix elements ␤ f Ϸ4.5 [3.2] cm Ϫ1 and ␤ bi Ϸ10 Ϫ5 [10 Ϫ7 ] cm Ϫ1 in the simple perturbation theory approach. 71 These values are not significantly different from those obtained for the corre- sponding mechanisms in the trimer. Some idea of the likely reliability of the present estimates for ␤ f and ␤ bi can be obtained from the latter system. In the trimer, DMC calculations using an empirical intermolecular potential 25 give values within 1 to 2 orders of magnitude of the estimates obtained by the present perturbation scheme. The DMC values are also generally larger. Doubling the estimated effective mass for the pentamer reduces ␤ f by roughly a factor of 2 and ␤ bi by 3 orders of magnitude. Doubling the barrier height reduces ␤ f by less than a factor of 2 and ␤ bi by 3 orders of magnitude. Doubling the path length reduces ␤ f by roughly an order of magnitude and ␤ bi by more than 7 orders of magnitude. Fortunately the latter parameter is the one subject to the smallest uncertainty in the present work. However, errors in the effective mass or the barrier height for the bifurcation mechanism could easily shift our estimate of the associated tunneling splitting beyond experimental resolution.
It may be that the crude estimate of the effective mass has not properly incorporated the larger mass of the pentamer, as discussed in Sec. VII. However, the present DZP/HF results suggest that at least the tunneling due to the flip mechanism should be observable experimentally. The barrier for the flip in the trimer calculated with the same basis set is actually larger than for the pentamer ͑before correction for zero-point effects͒, although the path length is shorter. For the bifurcation mechanism the DZP/HF barrier is somewhat larger for the pentamer than for the trimer at the same level of theory, but the path length is shorter, probably because there is no intrinsic flip associated with the pentamer mechanism at this level. It was not feasible to calculate the full pathways again at the DZPϩdiff/BLYP level. However, the barriers found from the reoptimized stationary points are significantly larger in both cases, both with or without counterpoise corrections. If these barriers are more accurate, then our estimates for the tunneling splittings need to be revised downward. Hopefully more definitive calculations will be possible in the future.
VI. RESULTS FOR EMPIRICAL POTENTIALS
There are many empirical potentials available for water, and so the results presented in this section must be very selective. The potentials considered in the present work were TIP4P, 37 EPEN, 13 and four slightly different implementations of the Millot-Stone ASP ͑anisotropic site potential͒ model. 81 The particular ASP potentials differ from the original version in the dispersion terms, the induction damping and the inclusion of charge transfer-precise details will be omitted here. We have obtained results for ASP-W2 ͑includ-ing multipoles up to rank 2͒ and ASP-W4 ͑including multipoles up to rank 4͒ both with and without iteration of the many-body induction energy to convergence. This set of model potentials therefore includes both very simple and rather sophisticated representations of the water-water interaction. The results are of interest because even the most complex of these potentials requires a small fraction of the computer time needed for the ab initio calculations. DMC studies of tunneling splittings 25 also require an empirical potential that reproduces the transition state and the mechanism under consideration.
For each model potential we first sought low energy minima analogous to those obtained ab initio. The equilibrium O•••O distances were then used to rescale starting geometries to obtain better guesses. All 14 ab initio pathways were then recalculated in each case starting from the closest ͑rescaled͒ rigid monomer geometry to the ab initio transition state and performing a new transition state search. None of the empirical potentials were able to reproduce more than about four of the ab initio pathways, generally collapsing to ebtet-type structures instead. For brevity we will only present numerical results for low-energy pathways that are very similar to those found ab initio.
For the TIP4P potential the cyclic structure is the global minimum but one of the two neighboring free hydrogens that are on the same side of ring is in an almost planar position. Our energy for this structure agrees with previous calculations by Tsai and Jordan 54 to four significant figures. The lowest energy rearrangement is a facile motion in which the two neighboring free hydrogens on the same side of the ring exchange roles so that the one which starts out of the plane moves toward it and vice versa. We could describe this process as a pair of half-flips ͑Table XI͒. The single flip mechanism itself does not appear to exist because of the distortion of the global minimum. The ab initio bifurcation mechanism is quite well reproduced, except that it is associated with a pair of half-flips in addition to the bifurcation process ͑Table XI͒. Tsai and Jordan also found these transition states in their study. The lowest energy edge-switching mechanism and the two cyclic ring closure processes are also qualitatively represented by this potential. For most other pathways the The EPEN potential does not appear to support the cyclic or sqtr structures, preferring instead ebtet and diagonalbridged square geometries. This reflects the tendency of the EPEN potential to favor structures with the largest possible number of hydrogen bonds, as others have noted before. 50 For the ASP-W2 and ASP-W4 potentials we found that the results after iteration of the induction energy to convergence compared with simply taking the first-order induction energy were very similar. We will therefore only give numerical results for the iterated calculations, which should in principle be the most realistic. For ASP-W2 we find single flip and bifurcation rearrangements which look essentially the same as the ab initio results. However, the single flip process has a significantly larger barrier but a shorter pathway. Both the barrier and the path length are smaller for the bifurcation mechanism compared to the DZP/HF path ͑Table XI͒. The lowest edge-switching process and the single flip mechanism found for sqtr1 are also reproduced very well, and we often find that at least one of the minima is recognizable compared to the corresponding ab initio path. However, in other cases ebtet-type structures predominate. Furthermore, the cyclic structure is not the global minimum, and there are a number of lower energy structures.
The ASP-W4 potential differs from the ASP-W2 principally in the inclusion of higher-order multipole moments, which should give a better account of the electrostatic energy. In fact the results are very similar to ASP-W2, with the single flip, bifurcation, lowest edge-switching, and single flip for sqtr1 all being quite well reproduced. However, in this case the bifurcation mechanism is accompanied by a flip of the free hydrogen on the adjacent water molecule that acts as the double acceptor in the transition state ͑Fig. 2͒. The barrier and path length for the flip are similar to the ASP-W2 results; the barrier and path for the bifurcation mechanism are both somewhat larger than for ASP-W2. However, as for ASP-W2 the cyclic structure is not the global minimum. For both ASP-W2 and ASP-W4 the localized nature of the single flip mechanism is clear from the large value of the ␥ index ͑Table XI͒; the bifurcation mechanisms are also well localized, although the value of ␥ for ASP-W4 reflects the presence of the additional intrinsic flip.
Calculations for the trimer with both empirical and ab initio potentials showed that the number of flips associated with the bifurcation process depends sensitively upon the level of theory. The number of flips shows no sign of converging with the most accurate methods we can currently employ. 16 Hence it is not surprising to find a similar result in the pentamer. Fortunately the MS group does not change when the number of intrinsic flips varies; however the tunneling levels and symmetries are affected ͑see Table VIII͒. The failure of the empirical potentials to reproduce many of the ab initio results may partly be due to parametrizations that are intended to model bulk water rather than finite clusters. However, such fitting is not performed in the construction of the ASP potentials 81 which were found to give the best results for tunneling splittings in the water dimer in previous work. 82 Since the ASP potentials do appear to give a reasonable account of the two most important mechanisms it would probably be most appropriate to use these in future DMC studies of the tunneling splittings.
VII. CONCLUSIONS
In this paper we have presented a number of rearrangement pathways calculated for the water pentamer using both empirical potentials and Hartree-Fock ab initio methods with basis sets up to DZP quality. The associated minima were then reoptimized at the DZP/BLYP level; one highenergy structure collapsed to a different minimum and another underwent a relatively small rearrangement to give a different minimum with a related geometry. We have found two low-energy degenerate rearrangements of the cyclic global minimum, the single flip and the bifurcation mechanism, for which analogous processes exist in ͑H 2 O͒ 3 . The corresponding stationary points were reoptimized at the DZP ϩdiff/BLYP level and counterpoise corrected interaction energies were calculated at these geometries. The effective molecular symmetry groups appropriate when combinations of these two mechanisms are feasible have been deduced, along with the tunneling splitting patterns. We have also calculated rough estimates for the magnitudes of these splittings, which suggest that at least the tunneling associated with the single flip might be observable experimentally. Although there are many similarities with the corresponding . E 1 is the energy of the lower minimum, ⌬ 1 is the higher barrier, E ts is the energy of the transition state, and ⌬ 2 and E 2 are the smaller barrier and the energy of the higher minimum, respectively. S is the path length in bohr, D is the displacement between minima in bohr and ␥ is the cooperativity index. All these quantities are defined in Sec. IV. All these stationary points have point group C 1 . results for the trimer, the splitting pattern when both low energy rearrangements are assumed to be feasible is much more complicated. The other mechanisms are of interest since they provide insight into the kinds of processes that larger water clusters and perhaps bulk liquid water may undergo at higher temperatures. Despite the above predictions, far-infrared vibrationrotation-tunneling spectroscopy for ͑D 2 O͒ 5 has failed thus far to reveal any tunneling splittings, although there is at least good evidence that the cyclic structure is the one for which the results have been obtained. 12 There could be several reasons for this. First, the experiments have so far scanned a range of only 3 cm
Ϫ1
, which might not be enough to reveal the splitting associated with the flip. Second, the estimate used in the present work for the effective mass is intuitive, and might not reflect the larger size of the system properly. Furthermore, the cyclic structure is puckered, and so some movement of oxygen atoms is required by these mechanisms; however, it is not very extensive. The present calculations actually show that the two mechanisms are really quite localized. A greater effective mass or a larger barrier could easily reduce the splitting associated with the bifurcation mechanism below experimental resolution, especially since the present perturbation approach is only designed to provide an order of magnitude estimate. The third possibility is that the ab initio calculations are simply not accurate enough. The barrier for the single flip is larger at the DZP ϩdiff/BLYP level than at DZP/HF, but does not seem big enough to prevent this process from being feasible. The nuclear spin weights of the tunneling levels for both ͑H 2 O͒ 5 and ͑D 2 O͒ 5 indicate that each transition should be observable. It therefore seems most likely from the present results that the tunneling splittings due to the flip exceed the range scanned experimentally to date, while any splitting due to the bifurcation mechanism is too small to resolve. This conclusion also appears to be consistent with the assignment of the experimental spectrum to ''an exact oblate symmetric top,'' 12 presumably indicating that the flip rearrangement leads to averaging over different local minima on the timescale of the experiment.
The performance of various empirical potentials in reproducing the ab initio pathways is rather disappointing, if indeed the ab initio pathways are trustworthy, as they appear to be. In a study of tunneling in the water dimer Althorpe and Clary found that the Millot-Stone ASP potential produced the most accurate tunneling splittings 82 in their fivedimensional calculations of the intermolecular bound states. Two variants of this potential were used in the present study, and they do appear to reproduce the lowest energy rearrangements quite well. However, the cyclic structure is not the global minimum for either of them. Nevertheless, of the empirical potentials examined here the most appropriate for use in diffusion Monte Carlo studies of the tunneling splittings is probably ASP-W2. Such calculations are presently being conducted by Clary and Gregory on the basis of the rearrangements found in the present study; their results suggest that the splitting due to the flip and perhaps even the splitting due to the bifurcation should be experimentally observable. 83 
